We present the fabrication and optical characterization of nano-scale solid immersion lenses (nano-SILs) with sizes down to a subwavelength range. Submicron-scale cylinders fabricated by electron-beam lithography (EBL) are thermally reflowed to form a spherical shape. Subsequent soft lithography leads to nano-SILs on transparent substrates, i.e. glass, for optical characterization with visible light. The optical characterization is performed using a high-resolution interference microscope (HRIM) with illumination at 642 nm wavelength. The measurements of the 3D amplitude and phase fields provide information on the spot size and the peak intensity. In particular, the phase measurement is a more convincing proof of the Airy disc size reduction rather than the full-width at half maximum (FWHM) spot size. The focal spots produced by the nano-SILs show both spot-size reduction and enhanced optical intensity, which are consistent with the immersion effect. In this way, we experimentally confirm the immersion effect of a subwavelength-size SIL (d = 530 nm and h = 45 nm) with a spot reduction ratio of 1.35, which is less than the expected value of 1.5, most likely due to the slightly non-ideal shape of the nano-SIL.
INTRODUCTION
In 1678, Robert Hooke first discussed the technique of immersion to improve the imaging performance of a microscope in his book Microscopium 1 . Afterward, Sir David Brewster proposed the immersion of the objective in 1812 2 . The concept of homogeneous immersion and the immersion objective preceded Ernst Abbe's pioneering work, in which he constructed the first oil-immersion lens in developing the imaging theory of microscopy 3 . Abbe also developed the standard measure of performance of an objective lens, the numerical aperture (NA), which is defined as 4 sin NA n
where θ is the angle a ray makes with the optical axis (i.e. half the angle of the focus cone), and n is the refractive index of the medium through which the rays pass. Until S. Mansfield et al. developed a new immersion concept in 1990, which is termed solid immersion lens (SIL) 5 , lens makers and researchers had focused on improving the performance of objectives and finding proper immersion liquids. The concept of solid immersion is derived from the idea that focusing in the center of a hemispherical solid leads to normal incidence of the rays with respect to the spherical interface. Therefore, there is no refraction at the interface between the spherical solid and the surrounding medium (e.g. air), leading to an increase in the NA by a factor of n (the refractive index of the solid medium) as seen in Eq. (1) . During the last two decades, numerous studies of SILs and their applications have been carried out. At first, SILs were limited to macroscopic size (i.e. millimeter scale) due to a lack of fabrication technologies. Advances in micro-and nanofabrication technologies enabled the development of different types of SILs, including diffractive SILs 6 , micrometer-size SILs 7-10 , nanoscale spherical lenses 11 , and wavelength-scale SILs 12 . In general, for structures smaller than the optical wavelength, design methods for larger devices, such as ray optics, are not applicable. More specifically, subwavelength-scale lenses cannot simply be considered to be refractive optical surfaces. However, recent modeling work has shown that subwavelength scale SILs are still expected to produce a reduced size focal spot 12 , the so-called immersion effect. Recently, we for the first time reported the experimental demonstration of the immersion effect in subwavelength-scale SILs 13 .
*myunsik.kim@epfl.ch; phone 41-32-718-3279; fax 41-32-718-3201; http://opt.epfl.ch/ In this paper we present the details of the fabrication and optical characterization of nano-scale SILs. First, we discuss the design and the fabrication processes: (1) cylindrical patterns written by EBL, (2) thermal reflow, (3) replication by soft lithography, and (4) structural characterization of the size and surface profile. Second, optical characterization using the HRIM is explained in detail.
FABRICATION
Electron-beam lithography (EBL) has been used for nano-pattering and structuring. The EBL resist, polymethyl methacrylate (PMMA), has in general been considered as an etch mask for further fabrication steps rather than a host material for direct nanostructuring. Since PMMA is a transparent thermoplastic, the thermal reflow structuring 14, 15 can be applied and a final pattern can be directly used as an optical element in the visible spectrum. Recently, micro-size structuring by EBL and a following thermal reflow have been reported 16 . However, in order to achieve high-resolution nano-size patterns, one needs a very thin PMMA coating, which is typically below 500 nm. To the best of our knowledge, there has been no previous detailed investigation of complete reflow structuring at these dimensions. In this section, we present the detailed fabrication processes of such nano-SILs. Figure 1 shows the schematic for the transformation from a cylinder to a spherical cap by thermal reflow above the glass transition temperature (T g ) of a polymer. For simplicity, we assume three aspects: (1) the sidewall of cylindrical pattern is vertical, (2) no moving of the bottom edge, in other words, the radius of cylinder r stays the same, and (3) The volume of a cylinder and that of a spherical cap are written in Eqs. (2) and (3), respectively,
Design
where r and t are the radius and the thickness of the cylinder, respectively, and h is the height of the spherical cap. In order to find design parameters to obtain the hemispherical shape, we set r = h in Eqs. (2) and (3) and rewrite them as
Consequently, equating Eqs. (4) and (5) [V cylinder = V cap ], the required thickness of the cylinder is given as
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We design two sizes of the hemispherical (i.e. ideally shaped) nano-SIL, considering a wavelength of 642 nm. One is at a size approximately equal to the wavelength, with diameter d (= 2r) 600 nm (= ~λ). The other is a subwavelength-size SIL, which has a diameter of 450 nm. Equation (6) leads to the corresponding required thicknesses of the cylindrical patterns as 200 nm and 150 nm, respectively.
Electron-beam lithography
The polymer nanostructures are fabricated using EBL on Silicon substrates with a thin PMMA resist layer (MicroChem Corp., 950k molecular weight). The Silicon substrates are used to improve sample conductivity and thereby reduce charging effects. Two sizes of PMMA cylinder, (1) 
Thermal reflow
In general, the reference temperature for thermal reflow is the glass transition temperature of polymers, which is approximately between 110°C and 120°C for PMMA. Note that the T g of PMMA varies depending on the molecular weight M w , which also varies depending on the exposure dose of the electron beam 16 . Several studies report that reflow below 120°C led only to smoothing, the reduction of surface roughness, partial reflow, or partial deformation of the structures [16] [17] [18] . Therefore, we set our reference temperature to be 120°C.
Among various conditions, we obtained optimal spherical structures when the 600-nm diameter cylinders were reflowed at 150° C for 20 minutes on a hot plate, and the 450-nm cylinders at 140° for 20 minutes.
Replication on a transparent substrate
Since silicon is opaque in the visible spectrum, the reflowed spherical structures must be replicated on transparent substrates for optical characterization in transmission. To do so, we employ soft lighography, which is a well-established and proven method for the replication of nano-scale structures 19 . A UV-curable polymer (Norland, NOA 65, n = 1.52) is used to fill the replication mold, which is made of PDMS. The final spherical structures are molded on borosilicate glass cover slips (thickness = 150 µm, n = 1.52). 
Structural characterization
The SEM images provide an estimate of the variation of the diameter or the radius of the SIL (after reflow) with respect to the size of the cylinder (before reflow). Afterward, inspection using atomic force microscopy (AFM) leads to the surface profile of the SIL, which reveals the diameter and height of the spherical cap and the surface shape. The 600-nm cylinder was transformed into a spherical cap with a diameter of 700 nm and a height of 54 nm, which yields a radius of curvature (ROC) of 1.16 µm, as shown Fig. 3(a) . Figure 3(b) shows the 530-nm diameter and 45-nm height spherical cap (ROC = 781 nm) from the 450-nm cylinder. Note that during the fabrication process, the volume change and the increase of the diameter led to a decrease in the height, which leads to a subhemispherical SIL 12 . Moreover, in reality the sidewalls are not perfectly vertical, and this introduces some uncertainty in the optimum thickness of the cylinder. Currently, the thickness of the cylinder and different reflow conditions are under investigation in order to achieve the ideal hemispherical structure.
OPTICAL CHARACTERIZATION
For optical characterization we employ a high-resolution interference microscope, which is a proven tool to characterize micro-and nano-optical elements 13, [20] [21] [22] [details of the experiment are reported in the references]. The HRIM records the three-dimensional (3D) field distributions of highly confined light fields of NA ≥ 0.9. The amplitude distributions reveal the FWHM size of focused spots, and the intensity profiles show the peak intensity enhancement when a tighter confinement is realized due to the immersion effect. The phase distributions are of interest because one can measure the exact size of the Airy disc, which represents the full spot size rather than the FWHM size. As measurements of the amplitude fields are subject to the diffraction limit of the observing objective, we use a 100X / NA1.4 immersion objective (Leica Microsystems, HXC PL APO) in order to obtain the highest resolution in oil immersion. The HRIM is equipped with a single-mode polarized laser of 642-nm wavelength (CrystaLaser, DL640-050-3). Figure 4 shows the experimental geometries and the CCD camera images of the bottom plane of the 700-nm SIL with the focal spot, in which the dark point in the center is the SIL and the square is the 4-µm square area where the PMMA has been patterned. The focusing lens is a dry objective 50X / NA0.9 HXC PL APO (Leica Microsystems). In order to verify the immersion effect, we illuminate the sample with a focused beam at three different positions, as schematically illustrated in Fig. 4 . First, we focus at the interface between the air and the glass substrate in the exposed region where there is no polymer, as shown Fig. 4(a) . This represents the reference case. Second, we focus on the polymer-glass interface, illuminating through the 200-nm thick planar region of the polymer, as shown in Fig. 4(b) . Comparing these two cases, we confirm there is no immersion effect when the focal spot is projected through the planar interface. Since the depth of the planar layer is only 200 nm, spherical aberration is negligible, and there is practically no degradation of the focus in Fig. 4 (b) compared to the case of Fig. 4(a) . Third, we focus on the nano-SIL. A comparatively smaller focal spot is observed, as shown in Fig. 4(c) . The high-resolution interference microscope produces both amplitude and phase data for the observed optical fields, and therefore can provide super-resolution, in other words, exceed the diffraction limit. In particular, the lateral position accuracy of specific phase features, such as the position of phase jumps or singularities, are not subject to the diffraction limit 23 . For example, since singularities are mathematically exact points, measuring their distance or position is only limited by the signal-to-noise ratio, and therefore super-resolution is generally possible. However, this super-resolution does not refer to a physical object but only to particular topological features in the wave-field. Therefore, the resolution in the x-y phase plane is in general given by the demagnified size of the pixels from the image (camera) plane to the object plane. The HRIM demonstrated a lateral position accuracy down to 20 nm for wave-fields in our previous work 24 ; the current setup provides a 100-nm accuracy. In this way, the phase fields provide a more precise measure of the spot size reduction. For the transverse (x-y) phase measurements at the focal plane, the comparison of the size of the central iso-phase discs, which represent the Airy disc of the intensity distributions (1.22λ/NA), directly shows the reduction of the full spot size rather than the FWHM spot size (0.5λ/NA) in the amplitude measurements.
The NA0.9 focusing objective leads to a predicted Airy disc size of 870 nm and FWHM spot size of 360 nm at 642 nm wavelength. For the reference case [see Fig. 4(a) ], the Airy disc size is measured to be 880 nm and the FWHM spot size is measured to be 400 nm, as shown in Fig. 5(a) . These results show good agreement with the expected values. The results shown in Fig. 5(b) allow the measurement of the Airy disc (full spot) and the FWHM spot sizes for the 700-nm nano-SIL, which are found to be 650 nm and 336 nm, respectively. The equivalent results for the 530 nm nano-SIL are shown in Fig. 5(c) , and yield results of 660 nm for the full spot size and 337 nm for the FWHM. As discussed above, the super-resolution performance due to the amplitude and phase measurement data provided by the HRIM, allows evaluation of the spot size reduction of the full spot with an accuracy of 100 nm in the current setup. The measured reduction ratio, i.e. the reference spot size divided by the nano-SIL spot size, is approximately 1.35. We assume that the subhemispherical shape 12 of the nano-SIL is the cause of the lower reduction ratio than would be expected given the refractive index of the nano-SIL (n = ~1.5).
We examine the intensity enhancement, which is caused by the immersion effect, by comparing the lateral and axial intensity profiles of the reference focal spot and the immersion focal spot for the 700-nm SIL as shown in Fig. 6 . The peak intensity is enhanced approximately 50% by the immersion effect due to stronger spatial confinement of the field. The power of the Gaussian beam is given as
where I is the peak intensity and w is the beam waist 25 . From Eq. (7), when there is no absorption and loss [P = constant] the peak intensity value is proportional to the square of the spot size. The spot size reduction of 1.35 leads to the peak intensity enhancement of 1.82 (=1.35 2 ). As the measured value is 1.48, there is discrepancy mainly due to the size of the SIL (= 700 nm), which is smaller than the full focal spot (the Airy disc = 880 nm). This result shows a qualitative increase in the peak intensity due to the immersion effect, and we expect that a nano-SIL with a shape closer to the ideal hemispherical shape would exhibit characteristics closer to the predicted value. 
CONCLUSION
We have experimentally realized for the first time nanometer-scale SILs down to subwavelength size. The details of the fabrication and characterization of these devices are persented. The nano-SILs were fabricated by EBL and thermal reflow of the PMMA structures, and these reflowed structures are replicated on glass substrates by soft lighotraphy for optical characterization. Using the HRIM, we measured the 3D amplitude and phase distributions to show the reduction of the FWHM spot and the full spot (Airy disc) sizes, respectively. The reduction ratio for the full spot size was found to be 1.35 rather than the refractive index of the SIL of 1.5. The subhemispherical shape is assumed to be the cause of the lower reduction ratio. The enhancement of the peak intensity provides an additional confirmation of the immersion effect, i.e. tighter focusing due to the nano-SIL. Prospective applications of such nano-SILs include near-field focusing and imaging 12 , optical data storage 26 , and maskless direct-write lithography 27 . Furthermore, the introduction of plasmonic structures on the bottom of the SIL could further improve performance and resolution 28 .
